Intensive-care-unit (ICU) patients exhibit disturbed sleeping patterns, often attributed to environmental noise, although the relative contribution of noise compared to other potentially disrupting factors is often debated. We therefore systematically reviewed studies of the effects of ICU noise on the quality of sleep to determine to what extent noise explains the observed sleep disruption, using the Cochrane Collaboration method for non-randomized studies. Searches in Scopus, PubMed, Embase, CINAHL, Web of Science, and the Cochrane Library were conducted until May 2017. Twenty papers from 18 studies assessing sleep of adult patients and healthy volunteers in the ICU environment, whilst recording sound levels, were included and independently reviewed by two reviewers. We found that the numbers of arousals between the baseline and the ICU noise condition in healthy subjects differed significantly (mean difference 9.59; 95% confidence interval 2.48e16.70). However, there was considerable heterogeneity between studies (I 2 94%, P < 0.00001), and all studies suffered from a considerable risk of bias. The meta-analysis of results was hampered by widely varying definitions of sound parameters between studies and a general lack of detailed description of methods used. It is, therefore, currently impossible to quantify the extent to which noise contributes to sleep disruption among ICU patients, and thus, the potential benefit from noise reduction remains unclear. Regardless, the majority of the observed sleep disturbances remain unexplained. Future studies should, therefore, also focus on more intrinsic sleep-disrupting factors in the ICU environment.
Key points
The authors performed a systematic review and metaanalysis considering the effect of ICU noise levels on patients' quality of sleep. They found wide variation in studies, preventing them from making generalisable conclusions. However, sleep disturbance remains a clear problem, and the authors recommend further studies examining the issue.
Sleep is an important process that is essential for repair and survival. 1 Disrupted sleep is associated with impaired immune function and increased susceptibility to infections, 2e4 alterations in nitrogen balance and wound healing, 2, 4 and diminished neurophysiological organisation and memory consolidation. 3 In the intensive care unit (ICU), this may lead to delirium, prolonged admission, and increased mortality. 3 Unfortunately, most patients in the ICU exhibit disturbed sleeping patterns 1,2 characterized by severe fragmentation of sleep. 5 As part of a pilot study, we too found severely fragmented sleep and EEG activity that suggest heightened arousal and signs of sleep deprivation. 6 Patients admitted to an ICU are exposed to several intrinsic and extrinsic sleep-disrupting factors, which were described previously in more detail by Le Guen and colleagues. 7 A multitude of these factors, most of them interdependent, likely causes the disrupted sleep observed in the ICU. The most important environmental factors are assumed to be temperature, light exposure, and noise, the latter of which is most often associated with disturbed sleep. 8, 9 Although the exact mechanism and the significance of sleep disruption by ICU noise amongst patients are still debated, workplace noise is known to have a negative effect on ICU staff causing irritation, fatigue, concentration problems, headaches, and even burnout.
10e13
The 1999 World Health Organization guidelines for community noise recommend a maximum of 35 decibels, adjusted for the range of normal hearing [dB(A)] overnight and 40 dB(A) during the day for hospital environments.
14 However, this is not achievable in a modern ICU unless all equipment is switched off. 15 As a result, sound levels in ICUs far exceed the recommended levels 15e20 with average noise levels between 55 and 70 dB(A), accompanied by peak noise levels of more than 80 dB(A). 21 The Society of Critical Care Medicine's guideline for ICU design even states that increased noise levels can disrupt sleep, although the cited sources do not provide data on ICU patients' sleep. 22 Consequently, an increasing number of studies focus solely on sleep disturbance by ICU noise specifically, disregarding other environmental and illness-related changes that accompany ICU admission. In order to know how to optimize ICU architecture, improve technology, and guide staff behaviour to promote sleep, it is crucial to know with a sufficient level of evidence how large the impact of ICU noise on the quality of sleep really is. 12, 22 The aim of our study was to systematically review the available evidence on the effects of ICU noise on the quality of sleep in healthy volunteers and ICU patients.
Methods
The Cochrane Collaboration method for non-randomized studies was used for this systematic review. 23 
Eligibility criteria
We searched for studies assessing the sleep of adult patients and healthy volunteers in the ICU environment objectively, using methods, such as polysomnography (PSG), actigraphy, or patient self-reports whilst the patient was in the ICU, with simultaneous registration and recording of sound levels. Studies were excluded if they met at least one of the following criteria: included only neonates or children, and assessed sleep or sound levels using subjective observation only. Although a very informative method, the assessment of sleep by observation is known to significantly overestimate the total sleep time and sleep continuity, and is generally considered to provide an inaccurate estimation of the quality of sleep. 24 Finally, it is vital that sound levels are objectively measured using standard units to ensure that results from various studies can be compared and data can be pooled for meta-analysis.
Outcome
The primary outcome was the number of arousals per hour of sleep for different sound conditions. This outcome was chosen because it best represents sleep quality in a single measure and was, therefore, most commonly used in the reviewed articles.
Search strategy
A literature search was conducted using the following electronic databases: Scopus, PubMed, Embase, CINAHL, Web of Science, and the Cochrane Library. The search terms used in all of the databases were 'sleep and (noise or sound) and (ICU, intensive care, or critical care)'. The search was conducted without any article format, data, or language restrictions, and included studies published until May 2017.
Study selection
The titles for the articles retrieved from the search were manually reviewed by two authors. After the removal of letters to the editor, reviews, abstracts only, and non-article formats, the remaining abstracts were assessed for eligibility. Only abstracts of original investigations were included. The references of all included articles and those from selected reviews were checked for relevancy. The following data were extracted: year of publication, country in which the study was conducted, period of conduct of the study, inclusion and exclusion criteria, all outcomes, details on interventions, and characteristics of the studies.
Bias risk assessment
Two authors independently assessed the risks of bias of the studies following the domains from the Cochrane risk of bias assessment tool: for non-randomized studies of interventions. 25 The domains are bias attributable to confounding, bias in the selection of participants into the study, bias in measurement of interventions, bias attributable to departures from intended interventions, bias attributable to missing data, bias in measurement of outcomes, and bias in the selection of the reported results.
Statistical analysis
A meta-analysis on data from studies that measured the number of arousals per hour of sleep for multiple settings was performed using the software package Review Manager 5. 
Results
The search initially returned 1397 hits. After the removal of duplicates, 854 citations remained. After the screening of titles and abstracts, a total of 40 full-text articles were retrieved. Of these, a total of 20 papers from 18 studies met the eligibility criteria. A manual search of the references of the included articles and of 34 relevant reviews resulted in the inclusion of four more relevant reviews whose reference lists were also searched. A flow chart of the study inclusion is presented in Fig 1 .
Study characteristics

Patients
Eleven papers on outcomes from 10 studies concerning ICU patients were retrieved with a total number of 599 included patients. However, outcomes were only reported on data from 295 subjects; 304 subjects did not complete the study they were in, of which 279 dropped out of a single study. 26 Four studies were observational, 8,27e29 three were crossover studies, 30e32 two used a before-and-after intervention design, 26, 33 and one was a randomized controlled trial. 34 Further characteristics on the studies can be found in Table 1 .
Healthy volunteers
Ten papers on outcomes from nine studies concerning healthy volunteers were found with data on 263 subjects from a total of 268 included; five had repeated-measures designs, 31,35e38 two were crossover studies, 27, 39 and two used a post-test-only control group design. 40, 41 Further characteristics on the studies can be found in Table 2 .
Bias risk assessment
Patients
All studies involving patients were judged to have some risk of bias for confounding. No study had a low risk of bias for confounding (0%), five had a low risk of selection bias (50%), none Figure 1 . Flow chart of study inclusion. had a low risk of measurement bias (0%), six had a low risk of bias attributable to departures from intended interventions (60%), seven had a low risk of bias caused by missing data (70%), four had a low risk of outcome bias (40%), and all studies had a low risk of reporting bias (100%). These results are summarized in Fig 2a. Healthy subjects Fig. 2b gives an overview of the bias assessment of the studies involving healthy subjects on seven domains. Only four studies were judged to have a low risk of bias for confounding (44%), and seven had a low risk of selection bias (78%). There were no studies with a low risk of measurement bias (0%), but eight were found to have a low risk of bias attributable to departures from intended interventions (89%). Four studies had a low risk of bias caused by missing data (44%), and the same amount of studies had a low risk of outcome bias (44%). Twothirds of the studies were judged to have a low risk of reporting bias (67%).
Outcomes
The mean and 95% CI of the difference between the number of arousals per hour of sleep during the baseline setting and the ICU noise setting, for six studies with healthy volunteers that reported this outcome, are presented in Fig 3. For the study by Gabor and colleagues, 27 the baseline condition was a single room and the ICU noise condition an open ICU. For all other studies, the baseline condition was a quiet environment in a sleep laboratory and the ICU noise condition consisted of ICU noises played back in the same sleep laboratory. Persson Waye and colleagues 36 reported the total number of arousals for the study night, whilst in the other studies the arousal index (number of arousals per hour of sleep) was reported. There was a significant difference in the number of arousals between the baseline and the ICU noise condition (mean difference 9.59; 95% CI 2.48e16.70). There was, however, also considerable heterogeneity (I 2 94%, P < 0.00001).
Discussion
Our review of the effect of noise on sleep in the ICU shows that ICU noise seems to have a significant effect on the occurrence of arousals in six studies performed with healthy volunteers, in which the effect of the noise level was investigated. However, the majority of the observed arousals remain unexplained because they did not occur within 3 s of a sound peak. The considerable heterogeneity that was found may be caused by the large differences in study protocols. Twenty papers fulfilled our inclusion criteria, of which 11 contained data on patients and 10 on healthy volunteers. There were no studies that reported objective sleep measurements under different noise conditions in patients. We have summarized some methodological issues and potential solutions of the reviewed papers in Table 3 , and will discuss the individual risks for bias in more detail. All currently reviewed evidence of the effects of noise on the quality of sleep of ICU patients is subject to considerable risks of bias. Firstly, because of the multifactorial nature of ICU sleep disruption, it is difficult to correct for most confounders. This has led us to conclude that all research studying ICU patients is inherently sensitive to bias attributable to confounding. In healthy subjects, this is less of a limitation because they are not affected by any underlying illness.
Secondly, obtaining consent from ICU patients or their families during an inherently stressful ICU admission may cause selection bias, especially if a small number of patients were included over a relatively long period of time. However, as most studies reviewed here used a repeated-measures or crossover design, they were assessed as having a low risk of selection bias.
Thirdly, sound levels were not always measured for all groups, leading to a high risk of bias for the measurement of the intervention. Furthermore, the outcomes of sound measurements are known to often be computed incorrectly, 18 although we were not able to determine the exact method of sound data analysis in most papers. Some studies required nurses to keep a record of each patient's care activities, whilst others placed dedicated observers in the ICU. This poses a risk of the Hawthorne or observer effect (i.e. that environmental conditions are unintentionally altered by the presence of an observer). Indeed, in the report of a study that focused on identifying noise in the ICU, it was mentioned that the hospital staff suggested that the noise levels during the period when observers were present were not as high as normally experienced. 17 Preventing this effect is especially important in studies assessing the effectiveness of an implemented intervention, such as noise reduction. If personnel, even unconsciously, alter their behaviour because they have been made aware of the topic of noise and interruptions, the effects cannot be measured reliably and representatively. Furthermore, not all papers mentioned if or which data were missing. Fourthly, the risk of bias in the measurement of outcomes was considered high when subjective methods, such as questionnaires, were used. The intuitive relation between noise and sleep disruption in healthy subjects is common knowledge, and thus, subjects can be expected to have preconceptions, further increasing the risk of bias when instructed on the goals of the study. Another methodological aspect that we looked at is whether the PSG recordings were scored blindly or not. This is important in studies with multiple groups, but it was not applied in all studies with such a design. Finally, very few indications of bias in the selection of reported results were found.
Because of these concerns, it is currently difficult to determine the true effect of noise in the ICU environment on sleep in patients, or the relative importance in a plethora of potentially disturbing influences. Although a significant effect was found in healthy volunteers, all, but one, of these studies were performed in a sleep laboratory and not in the actual ICU. In recordings of healthy volunteers' sleep, around 60% 27 of arousals were immediately preceded by noise events, whilst several studies in ICU patients have reported that only 11e30% of sleep disruptions observed in the EEG could be attributed to environmental noise. 8, 42 This suggests that other factors present in patients might be more significant in disturbing sleep.
The importance of other ICU-related factors on the observed disturbance of sleep is also suggested by the results of a recently published Cochrane Review 43 on the efficacy of non-pharmacological interventions for promoting sleep in critically ill adults. They found some evidence that these interventions can provide small improvements in subjective measures of sleep quality and quantity, but the quality of the evidence again was low. The effects on objective sleep outcomes were inconsistent across 16 studies. Four of the studies investigated the use of earplugs or eye masks, or both in a total of 141 subjects. In the majority of these studies, no benefit was found. The cause of non-response to these interventions remains unclear, although the high risk of bias probably contributed. For future investigation of the relationship between sound and sleep in a clinical setting, we recommend sufficiently powered (large) sample sizes. Half of the studies included in this review had a sample size of no more than 20 subjects, which precludes a detailed analysis. Because there are so many difficulties in measuring and correcting for confounders present in the ICU patient population, studies focusing on healthy volunteers in the real ICU environment, or a combination of healthy volunteers and patients in the same study, are perhaps best suited to study to what extent noise is a sleep-disrupting factor in the ICU.
Additionally, it is also important to pay special attention to complete and correct execution and description of sound measurements to facilitate pooling of data and meta-analysis. Measurement procedures were often unclear with limited specification of parameters, time constants used, frequency weighting used, and averaging method. Furthermore, most studies only focused on noise amplitude, but not on other relevant acoustic parameters, such as the acoustic spectrum, reverberation time, perceived loudness, and entropy. The sound spectrum, for instance, which shows the relationship between sound level and frequency, is known to be important for sound perception, but was nevertheless not reported. Reverberation time, defined as the time taken for sound to decay by 60 dB once the source has stopped, is similarly important but underreported. 44 Reducing the reverberation time improves speech intelligibility and room acoustics by making noises sound less harsh, which may play an important role in reducing the impact of environmental noise on sleep. 45 Perhaps more importantly, the information content and density of sound may also play a part in the degree of sleep disruption. 8, 46 Sounds that have a specific meaning, such as spoken language, are more likely to evoke an EEG potential. 47 Generally, it is important for future studies to focus on using objective measurement methods and ensure that PSG scoring is performed blinded as much as possible. Although PSG is an objective measuring method, the scoring of sleep stages is still a manual process whereby bias can be introduced if data sets are not presented randomly. The current evidence on the effects of noise on the quality of sleep is subject to considerable risks of bias. The limited meta-analysis that was possible showed a significant increase in arousals during the ICU noise condition in healthy subjects, but there were no studies that reported on objectively measured quality of sleep of ICU patients under multiple objectively measured noise conditions. Although this meta-analysis of results obtained with healthy volunteers suggests a potential benefit from noise reduction for healthy individuals, the results obtained in this small combined sample do not warrant the current narrow focus on noise as the main sleep-disrupting factor in the ICU population. Future studies should include sufficiently large sample sizes, and pay special attention to complete and correct execution and documentation of sound measurements, to facilitate pooling of data and meta-analysis. This will enable us to determine whether the current focus on noise reduction in the design of new ICUs to improve our patients' sleep is evidence based. Because of the highly complex nature of acoustics and its mechanisms to influence sleep, it is not possible at this moment to indicate the extent to which noise reduction will benefit patients, although the well-being of ICU staff favours noise reduction regardless. Thus, it seems crucial to widen the scope of ICU sleep research to include other potentially sleep-disruptive factors, both environmental and related to critical illness.
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